Effects of fixed cation-anion balance on acid-base status and calcium and phosphorus balances were examined. Pregnant and lactating goats were fed a diet of alfalfa hay, concentrate and minerals to vary the cation-anion balance [meq sodium (Na) + meq potassium (K) -meq chloride (CI)]/100 g diet dry matter (DM) over the range found in ruminant feeds. Small but significant effects on ruminal pH, fermentation and dilution rate were observed. Metabolic acid-base status of pregnant and lactating goats was normal when (Na + K -CI) balance was 40 to 50 meq/100 g DM. The other treatments drastically altered plasma electrolyte concentrations, causing metabolic acid-base disturbances and profound changes in calcium and phosphorus metabolism. Subclinical hypernatremic, hypocbloremic metabolic alkalosis was induced by a dietary fixed cation excess (Na + K -CI) of > 85 meq/100 g DM (typical of buffered, alfalfa diets) and caused hypocalciuria, diminished calcium and phosphorus absorption, and possibly diminished dietary calcium absorption and resorption of calcium from bone. Subclinical hyperchloremic, hyponatremic metabolic acidosis from a diminished dietary fixed cation-anion balance (Na + K -CI) of < 10 meq/100 g DM (typical of nonbuffered corn silage or grain diets) caused hypercalciuria, enhanced calcium and phosphorus absorption and apparently enhanced calcium resorption from bone. Apparent effects on absorption and resorption depended on calcium and phosphorus intakes. Alterations in goats performance were not demonstrable. Dietary excesses of fixed cations over anions (meq Na + K -C1/100 g diet DM > 50) cause metabolic alkalosis in ruminants, whereas fixed anion excesses (meq Na + K -CI/100 g diet DM < 40) cause metabolic acidosis. Content of electrolytes in diets should be reported in all nutrition trials with ruminants for assessment of metabolic acid-base status.
Introduction
Dietary fixed ion balance (bioavailable ions that are not metabolized) determines acid-base balance in biological fluids (Stewart, 1978) . Hydrogen (H +) and bicarbonate (HCO3) ion concentrations (both metabolizable ions) are affected by fixed ion absorption and excretion. In nonruminants, relationships between fixed ion balances [particularly meq sodium (Na) + meq potassium (K) -meq chloride (C1)] and acidbase status are well characterized (Cohen and Hurwitz, 1974; Mongin, 1981) . Metabolic acid-base balance is normal when Na + K exceed CI by 25 meq/100 g diet dry matter (DM).
Greater excesses of cations cause alkalosis, whereas elevated C1 causes acidosis. Because acid-base homeostasis takes precedence over growth, lactation and reproduction (Kronfeld, 1979) , animal performance is impaired by acidbase disturbances (Relman, 1972; Chan, 1974) . Hurwitz et al. (1973) observed maximum performance in chicks when fixed cations exceeded anions by 25 meq/100 g diet DM, i.e., when acid-base status was normal. Effects of dietary fixed ion balance on metabolic acidbase status of ruminants have not been quanrifled, although gastrointestinal buffers containing Na and K are commonly added to ruminant diets. Acid-base disturbances alter calcium (Ca) metabolism (Barzel, 1981) and are associated with impaired Ca metabolism in periparturient dairy cattle (Craige and Stoll, 1947; Ender et al., 197.1; Dishington, 1975; Block, 1984) . The objectives of this study were to characterize effects of dietary excesses of fixed cations or anions (Na + K -CI, meq/100 g diet DM) on metabolic acid-base status and Ca and phsophorus (P) balances in pregnant and lactating goats.
Materials and Methods
Diets. Three diets v~ere formulated based on fixed cation-anion balance (meq Na + meq K -meq CI) by adding minerals to a basal diet (table 1) . Diets contained a high fixed cation excess (mean Na + K -C1 = 90 meq/100 g diet DM) to simulate cation-anion balance in buffered diets based on forages (CATEX), a fixed cation excess (mean Na + K -CI = 45.8 meq/100 g diet DM) to simulate cationanion balance in nonbuffered diets based on forages (CONTROL), and a fixed cation deficit (mean Na + K-C1 = 0.7 meq/100 g diet DM) to simulate cation-anion balance in nonbuffered diets based on grains (ANEX). Mineral additions (table 2) were designed to meet goat requirements (NRC, 1981) , provide graduated meq (Na + K -C1), and provide similar fixed ion content. Minerals were dissolved in deionized water and sprayed onto the basal diet while mixing. Diets were similar in chemical and fiber composition, and ranged from 92.6 to 92.7, 8.2 to 10.4, 3.0 to 3.1, 21 to 21.9, 16.1 to 16.8 and 32.4 to 32.9% DM, ash, nitrogen (N), acid detergent fiber (ADF), cellulose and neutral detergent fiber (NDF), respectively.
Animals. Acid-base status and mineral balance measurements were performed on eight yearling Alpine does during late pregnancy (6 wk prepartum to parturition) or early lactation (1 wk postpartum to 7 wk postpartum). Goats were surgically fitted with ruminal cannulae and their left carotid arteries were surgically exteriorized (Fredeen and DePeters, 1985) . Control feeding trials (eight goats) were followed by either ANEX (four goats) or CATEX (four goats) feeding trials during the pregnancy and lactation experiments. Feeding trials consisted of a 10-d adjustment period followed by a 5-d collection period. During collection, goats One aliquot of urine was acidified (1 ml) concentrated HC1 to 10 ml urine) and subsamples of urine were frozen for later analysis. Feces were collected separately, weighed and subsampled daily (10% of daily output). Samples of feed and feces were dried for mineral, chemical and fiber analyses at 70 C and for DM determinations at 100 C. Ruminal fluid was sampled daily at 0800 via the ruminal cannulae using a vacuum pump. Samples (100 ml) were sealed and stored on ice, followed by pH determination and centrifugation (15 min, 400 x g). Excess fluid was returned to the rumen. Supernatant (10 ml) was acidified with 25% metaphosphoric acid (2 ml) and frozen. For estimation of ruminal fluid dilution rates, 100-ml bCATEX was formulated to contain a high excess of fixed cations Na and K relative to CI. CANEX was formulated to contain an excess of fixed anion, CI, relative to Na and K. samples were collected 3, 6, 9, 15, 25, 36, 48, 72 and 96 h after intraruminal injection of 100 ml of chromium EDTA solution (2.4 g Cr/ml). Ruminal fluid dilution rate was determined using regression analysis of In [Cr] vs time. Arterial blood was sampled daily at 1200 via exteriorized carotid. An initial 10-ml sample was collected using a heparinized syringe, with air excluded during sampling, and stored on ice for immediate blood pH and gas measurements. A second, heparinized 10-ml sample was used to determine hematocrit and was centrifuged (15 min, 1,000 x g) to obtain plasma, which was stored frozen.
Urine pH was determined daily on chilled subsamples. Titratable acidity, bicarbonate (HCO3) and ammonium NH]) concentrations and pH were determined by autotitration (Chan, 1972; Lin and Chan, 1973) on frozen nonacidified urine composites. The latter determinations were made within 6 mo of collection, assuming no change in measurement values during storage (Yang et al., 1981) . Calculation of net acid excretion (NAE) was modified to exclude NH] (Atkinson and Camien, 1982) . For mineral determinations (except C1), feed, orts and fecal samples were wet-ashed in perchloric acid. Chloride was determined in water extracts using a Buchler-Cotlove chloridometer. Calcium, Na, K and magnesium (Mg) were determined by atomic absorption spectrophotometry (Anonymous, 1976) , and P was determined using an autoanalyzer (Anonymous, 1968) . Feed, orts and fecal samples were ground (l-mm screen) and analyzed for DM, ash and N by AOAC (1975) ; ADF, cellulose and NDF were analyzed by methods of Goering and Van Soest (1970) . Volatile fatty acids (VFA) were determined by gas chromatography (Baker, 1966) and NH] using an autoanalyzer (Wall and Gehrke, 1974) on 5-d composites of ruminal fluid supernatant. Chromium was determined by atomic absorption spectrophotometry (Anonymous, 1976) . Carotid blood pH and gases (partial pressures) were determined in duplicate within 1 h of sampling using an Instrumentation Laboratory 813 Blood pH/Gas Analyzer. Fat, total solids and crude protein (CP) in milk were determined by AOAC (1975) .
Statistical Analyses. Goats were randomly assigned to either ANEX or CATEX. Goats did not receive both diets because of possible carryover effects. Paired t-test statistics (Dixon et al., 1984) were used to compare ANEX-CON-TROL differences to CATEX-CONTROL differences for the pregnancy and lactation experiments.
Results
Despite the attempt to balance meq (Na + K -C1)/100 g diet DM among diets, differences were noted (table 3) . The control diet contained the highest concentration (142.2), followed by CATEX (135.5) and ANEX (132.4). The CATEX diet contained the highest Na concentration, CONTROL contained the highest K concentration and intermediate concentrations of Na and C1, and ANEX contained the highest C1 concentration.
Goats displayed no aversion to any of the diets. Dry matter intakes (DMI) averaged .036 and . 10 kg/kg metabolic body weight (BW'75), respectively, for the pregnancy and lactation experiments, and were not significantly different among treatments during either pregnancy or lactation. Water intake was increased by CATEX during pregnancy from . 134 to . 176 kg/kg BW "75 (P<.10). During lactation, water intake was stimulated somewhat in both treatment groups but the increases were not statistically significant. It was not the objective of these experiments to examine effects of treatments on goat performance; however, milk yield and composition were not significantly affected by treatment.
Ruminal fluid VFA, NH + and H + concentrations and dilution rates are shown in table 4. Ruminal fluid H + concentrations were elevated by ANEX (P<.05). Respective mean H + concentrations corresponded to mean pH values of 6.6 and 6.6 for CONTROL, 6.7 and 6.6 for CATEX and 6.1 and 6.3 for ANEX during pregnancy and lactation. Volatile fatty acid concentrations increased and NH ~ concentrations decreased (P<. 10) when H + concentration decreased (pH increased), except that effects on VFA concentrations in pregnant does were marginal (P<. 13). Molar proportions of VFA and acetate:propionate (C2:C3) were similar among treatments. Ruminal fluid dilution rates were elevated by CATEX and depressed by ANEX during pregnancy and lactation (P<.10).
Plasma mineral concentrations and hematocrits during pregnancy and lactation are presented in table 5. There were no changes in hematocrit. Plasma Ca, P and Mg concentrations were not altered significantly by the treatments, although P concentrations were slightly Calcium balance data for the two experiments are shown in table 8. Calcium intake was substantially greater during lactation because of greater feed intake. Fecal, urinary and milk Ca were analyzed as percentage of intake to standardize data. Fecal Ca was reduced by ANEX during lactation (P<.01) but not during pregnancy. Compared with CONTROL, urinary Ca was increased by ANEX and decreased by CATEX in pregnant and lactating goats (P< .01). Magnitude of increase by ANEX expressed as percentage of intake was similar during pregnancy (7.51%) and lactation (6.84%), as was magnitude of decrease by CATEX during pregnancy (.19%) and lactation (.13%). Balance was slightly elevated by both treatments during lactation and slightly depressed by both treatments during pregnancy (i.e., end of last trimester when Ca demands were likely higher and Ca intakes lower than in early lactation). Differences in Ca balance between treatments were not significant. Hypercalciuria was not accompanied by enhanced absorption in pregnant goats fed ANEX, suggesting net bone Ca resorption. During lactation, ANEX elevated Ca absorption.
Phosphorus balance data are shown in table 8. No treatment effects were evident during pregnancy. Phosphorus appearing in feces, urine and milk was analyzed as percentage of intake. Fecal P was reduced by ANEX and increased by CATEX during lactation (P<.01). Urinary and milk P were not significantly affected by treatment. Apparent digestibility was enhanced by ANEX and depressed by CATEX (P<.01) during lactation. Phosphorus balance (g/5 d) was always positive, was enhanced by ANEX and depressed by CATEX, but differences were not significant.
Discussion
Dietary fixed ion balances differed somewhat between the pregnancy and lactation experiments (table 3) because different batches of basal diet were used. During lactation, the ANEX and CATEX diets had slightly higher meq (Na + K -C1)/100 g diet DM (9.84 and 91.35) than the ANEX and CATEX diets fed during pregnancy (-8.37 and 88.54). However, the diets satisfied objectives, which were to provide fixed ion profiles typical of high grain, nonbuffered (ANEX) diets, nonbuffered forage (CONTROL) diets, and high forage, buffered (CATEX) diets. Ruminal fluid pH and VFA (molar proportions) indicated no abnormalities. Thus, it was assumed that main effects on metabolic acid-base status were caused by differences in diet fixed ion balances.
Dry matter intake was not affected by treatment. Intake of CATEX stimulated water intake, especially during pregnancy (P<. 10), and also elevated urine volume and ruminal fluid dilution rates during both experiments (P<. 10). Elevated Na concentrations in blood and rumen I may have been responsible for the observed effects on water balance. Sodium-containing buffers increase ruminal fluid dilution rate (Muller and Kilmer, 1979) . However, high ruminal K concentration caused by feeding alfalfa also elevates ruminal osmolality and increases rate of ruminal Na absorption (Stacy and Warner, 1966; Warner and Stacy, 1972) . Higher ruminal VFA and diet Na concentrations associated with CATEX were probably more important in elevating ruminal fluid dilution rate. Effect of diet on ruminal VFA and NH ~ concentrations may have resulted from differential effects on ruminal pH. Kilmer et al. (1981) observed higher ruminal NH~ concentrations without elevated VFA concentrations in lactating cows fed corn silage-based diets with estimated meq (Na + K -C1)/100 g diet DM in the 20 to 30 range 9
The rumen is well buffered in the acid pH range observed during CONTROL feeding periods (Turner and Hodgetts, 1955) . Furthermore, feeds with fixed cation excesses (e.g., legumes) contribute more buffering capacity to the rumen than feeds (e.g., grains) with fixed cation deficits and maintain ruminal fluid at higher pH's (Turner and Hodgetts, 1955) 9 Although CATEX contributed more buffering capacity and maintained a slightly higher ruminal pH than ANEX, diets in the present experiments contained a high proportion of alfalfa, which effectively buffered the dietary H + load of ANEX.
Electrolyte absorption rates are generally high and proportional to intake (ARC, 1980; Field, 1981) . Plasma Na concentration was increased by CATEX in both experiments 9 Sodium absorption is related to ruminal Na and K concentrations, and osmolality (Warner and Stacy, 1972) . Stacy and Warner (1966) observed in sheep that high ruminal osmolality stimulated Na absorption. In a later study (Warner and Stacy, 1972) , osmotic pressure was elevated markedly by ruminal infusion of K, and Na absorption was increased 9 Thus, high dietary K may have caused the elevated plasma Na concentration. Cohen and Hurwitz (1974) observed in laying hens that h!gh dietary C! stimulated Na absorption when dietary Na was low. Turnberg et al. (1970) proposed a double exchange model for the absorption, of electrolytes that links CI and Na absorption. Low dietary Na relative to CI may have elevated Na absorption relative to CONTROL when goats were fed ANEX.
Plasma CI concentration was elevated by ANEX. Block (1984) also observed elevated plasma CI concentration when dietary CI was increased slightly. Coppock et al. (1970) observed diminished serum C1 when a low CI diet was fed to cows.
Plasma K concentration was depressed by dietary C1 excess during lactation. Otherwise plasma K concentration was relatively unaffected because dietary K content was high in all treatments. Cohen and Hurwitz (1974) found that plasma K concentration does not correlate well with other dietary electrolytes. Plasma K concentration is normally elevated by metabolic acidosis because K exchanges for extracellular H § (Scott and Buchan, 1981) and acid excretion is enhanced (Berliner and Kennedy, 1951) .
Fixed ion balance in blood was increased by CATEX and decreased by ANEX. Since total blood cations are balanced by total blood anions, blood HCO] and H + are altered when fixed ion concentrations in blood are altered (Oh and Carrol, 1977; Stewart, 1978) . Subclinical hypernatremic, hypochloremic alkalosis was observed in pregnant and lactating goats consuming CATEX. Blood HCO3 concentration was elevated and blood H + concentration was depressed (table 6) . Elevated blood CO2 and depressed blood 02 concentrations indicate a respiratory response to alkalosis, i.e., reduced respiration rate as HCO 3 was buffered in blood. Renal HCO3 excretion was also enhanced.
Subclinical hyperchloremic, hyponatremic acidosis was observed in goats fed ANEX. Blood HCO3 concentration was depressed and H § concentration enhanced, while respiration rate was elevated. Urinary HCO3 excretion was depressed; small amounts of TA appeared in the urine and NAE was enhanced. Urinary NH: excretion was also elevated, indicating possible rerouting of NH ~ from urea synthesis (Atkinson and Camien, 1982 ) and a renal exchange mechanism for Na (Pitts, 1972) .
A greater base load during lactation was caused by inadvertant diet differences. Urinary NAE and HCO~ excretion were slightly lower and higher, respectively, compared with pregnancy. Effect of early lactation per se on acidbase status could not, therefore, be evaluated. Others have observed subclinical acidosis in lactating cows (Kilmer et al., 1981) . In the absence of ketosis and ruminal acidosis, lactation may not alter acid-base status. Ruminants apparently possess a tremendous base reserve (Atkinson and Camien, 1982) that can be recycled between the rumen and saliva, causing an "acid tide" associated with eating (Stacy and Wilson 1979; Stacy, 1969) . The base excess is normally caused by a high dietary fixed cation excess (Atkinson and Camien, 1982) and substantiated by alkaline urine as observed in this study and others (Anderson and Pickering, 1962; Braithwaite, 1972; Rubin, 1983) . Urinary HCO 3 is reabsorbed until plasma concentration reaches 24 to 25 mM, at which point urinary HCO 3 excretion increases linearly with load (Scott and Buchan, 1981) . Urinary HCO 3 was sufficient to buffer most of the acid load produced by ANEX (tables 6 and 7).
Although Ca intake was not different between treatments within experiments, intake was elevated by lactation. Urinary Ca excretion was significantly enhanced by ANEX (7.5% of Ca intake) and slightly depressed by CATEX (less than .2% of intake), an effect caused by acid-base disturbances and observed by others (Hart et al., 1931; Stacy and Wilson, 1970; Horst and Jorgensen, 1973; Scott and Buchan, 1981; Harmon and Britton, 1983; Rubin, 1983) . Acidosis-induced hypercalciuria is caused by reduced renal Ca reabsorption (Lemann et al., 1967; Stacy and Wilson, 1970) . Fecal Ca excretion and apparent digestibility were significantly affected by treatment only during lactation, when ANEX enhanced apparent Ca absorption and CATEX depressed it. Conclusions regarding the source of urinary Ca during acidosis may, therefore, depend on whether observations are obtained from nonlactating/pregnant or lactating animals. Indeed, Horst and Jorgensen (1973) concluded from studies with dry goats that hyperchloremic acidosis had no significant effect on absorption of Ca, whereas Hart et al. (1931) and Horst and Jorgensen (1973) observed increased apparent absorption of Ca in acidotic lactating cows. Alternatively, Lomba et al. (1978) observed in studies with both dry and lactating cows that dietary excess of fixed anions (i.e., acidosis) increased apparent Ca absorption only when Ca balance was positive. Verdaris and Evans (1975) observed that acidic diets elevated Ca absorption when amount of dietary Ca was high. Therefore, amount of available dietary Ca relative to requirement may determine whether or not acid-base status alters Ca absorption. Dietary available Ca should probably be elevated when animals are acidotic.
Acidosis increases bone Ca resorption in nonruminants (Barzel and Jowsey, 1969 ) and apparently also in ruminants (Horst and Jorgensen, 1973) . We observed calciuria in the absence of enhanced absorption in subclinically acidotic, pregnant goats (table 6), indicating the possibility that bone Ca resorption is elevated by acidosis prepartum. Postpartum bone resorption must be elevated in alkalotic goats to compensate for low Ca absorption. Block (1984) observed elevated plasma hydroxyproline concentration in prepartum cows fed a dietary anion excess, but postpartum concentrations were elevated in cows fed either anion or cation excesses. These results corroborate our finding that elevated postpartum Ca demand is likely satisfied by enhanced Ca absorption and bone Ca resorption in acidotic animals, and primarily by bone resorption in alkalotic animals.
Phosphorus intake was not affected by treatment. Apparent absorption was enhanced by acidosis and depressed by alkalosis (differences were significant in lactating does only), with no significant effects on urinary excretion or balance. Urinary TA, presumably salts of monovalent phosphoric acid (Reed et al., 1965) , was slightly elevated by acidosis (table  7) but amounts were too small and variable to be detected as a difference in urinary P excretion. Similarly, urinary P excretion is not elevated by ruminal HC1 infusion in sheep (Scott and Buchan, 1981) , calves and deer (Scott, 1971) . In these studies, diets probably contained fixed cation excesses. Ruminants rely on fecal rather than urinary excretion of P to maintain P balance (Young et al., 1966) and urinary P is not important in regulating NAE in ruminants. Apparent P absorption was significantly enhanced only during lactation when apparent Ca absorption was also enhanced (P<. 10), indicating their interrelationship. Since phosphates have been shown to replace carbonates in bone in acidotic rats (Lemann and Lennon, 1972) , this is a possible explanation for enhanced P absorption in goats. No difference in P balance was demonstrated, and this agrees with Horst and Jorgensen (1973) .
Milk yield was somewhat higher in the ANEX group. However, treatment differencs were not significant and alterations of milk yield or composition in response to acid-base disturbances were not demonstrable.
Dietary fixed cation-anion balance, meq (Na + K -CI), affects metabolic acid-base status of ruminants in a predictable manner. It is a diet variable that is as important as forage:concentrate ratio in its effect on ruminant metabolism. Dietary content of all macrominerals should, therefore, be reported routinely in all research trials with ruminants, permitting full evaluation of diet effects on metabolic acid-base status. Subclinical metabolic acid-base disturbances alter Ca metabolism, thereby influencing recovery of dairy animals from periparturient hypocalcemia. Whereas metabolic alkalosis (fixed cation excess) reduces adaptiveness and increases susceptibility to parturient paresis, metabolic acidosis (fixed anion excess) enhances Ca absorption and prevents parturient paresis. Dietary available Ca should be elevated if animals are acidotic. Because Ca content of feeds is often confounded with cation excess (e.g., alfalfa), conclusions relating parturient paresis to high prepartum Ca intake alone (Boda and Cole, 1954 ) may be unfounded. Metabolic acid-base balance is more important than prepartum level of dietary calcium in the etiology of parturient paresis. High concentration of Ca in alkaline diets, meq (Na + K -C1)/100 g diet DM > 50 would be detrimental to cows, whereas high levels of Ca in acidic diets, meq (Na + K -CI)/100 g diet DM < 10 may be beneficial (providing Ca and P requirements are met).
